Background. Biomarkers of progression from latent Mycobacterium tuberculosis infection to active tuberculosis are needed. We assessed correlations between infection outcome and antibody responses in macaques and humans by high-throughput, proteome-scale serological studies.
Background. Biomarkers of progression from latent Mycobacterium tuberculosis infection to active tuberculosis are needed. We assessed correlations between infection outcome and antibody responses in macaques and humans by high-throughput, proteome-scale serological studies.
Methods. Mycobacterium tuberculosis proteome microarrays were probed with serial sera from macaques representing various infection outcomes and with single-point human sera from tuberculosis suspects. Fluorescence intensity data were analyzed by calculating Z scores and associated P values. Temporal changes in macaque antibody responses were analyzed by polynomial regression. Correlations between human responses and sputum bacillary burden were assessed by quantile and hurdle regression.
Results. Macaque outcome groups exhibited distinct antibody profiles: early, transient responses in latent infection and stable antibody increase in active and reactivation disease. In humans, antibody levels and reactive protein numbers increased with bacillary burden. Responses to a subset of 10 proteins were more tightly associated with disease state than reactivity to the broader reactive proteome.
Conclusions. Integration of macaque and human data reveals dynamic properties of antibody responses in relation to outcome and leads to actionable findings for translational research. These include the potential of antibody responses to detect acute infection and preclinical tuberculosis and to identify serodiagnostic proteins for the spectrum of bacillary burden in tuberculosis.
The vast majority of persons infected with Mycobacterium tuberculosis are asymptomatic. In these individuals, who are estimated to constitute one-third of the human population, tubercle bacilli presumably persist in very low numbers. Only >10% of immunocompetent, latently infected individuals develop active disease and become infectious. Nevertheless, M. tuberculosis infection causes 9.4 million new cases of active tuberculosis and 1.7 million deaths per year [1] . Transmission of infection would be greatly reduced if it were possible to identify and treat infected individuals as they progress to active disease before they become symptomatic and infectious. Detecting tubercle bacilli or bacillary products is exceedingly difficult during preclinical disease due to low bacillary numbers. Thus, we tested the hypothesis that host-derived biomarkers track the course of infection with M. tuberculosis.
We focused on the antibody response as a potential biomarker of progression of M. tuberculosis infection for several reasons. First, serum levels of specific antibodies are typically detected during active tuberculosis but not during stable latent infection [2] , indicating stage-specific responses. Second, we observed changes in the protein composition of the seroreactive proteome of M. tuberculosis associated with disease [3] , indicative of correlations between bacillary antigen production and antibody targets. Third, temporal changes of the antibody response prior to clinical manifestation and active tuberculosis diagnosis have been observed in human immunodeficiency virus (HIV)-coinfected individuals [4, 5] . For the reasons above, it should be possible to find serological markers of infection outcome and tuberculosis reactivation.
To examine global changes in the antibody response associated with infection outcome and disease progression, we utilized high-throughput proteome microarray technology [6] and 2 host systems: experimental infection of macaques and human tuberculosis. The macaque model is relevant to human tuberculosis because it well recapitulates the various outcomes of M. tuberculosis infection seen in humans, including spontaneous reactivation [7, 8] . Thus, the pathogenesis of macaque and human tuberculosis is similar, even though immunological differences between macaques and humans exist (eg, [9] [10] [11] ) and comparative studies of immune responses to tuberculosis in the 2 species are still lacking. Further, parallel studies are warranted because these 2 host systems complement each other. On one hand, it is possible to monitor temporal changes of the antibody response to M. tuberculosis infection with the macaque model, whereas conducting longitudinal human studies is exceedingly difficult, even in high-burden countries, due to the low frequency of reactivation in immunocompetent individuals. On the other hand, correlations between antibody levels and bacillary burden (an indicator of disease severity) are best assessed in humans. Enumeration of acid-fast bacilli in sputum of tuberculosis suspects is common clinical practice and is a reasonable surrogate of lung bacillary burden. In contrast, bacterial counts are not routinely performed in macaques because enumerating tubercle bacilli requires sacrifice of these expensive animals.
Here, we analyzed proteome-scale antibody responses in serial sera from infected macaques representing different infection outcomes and in sera from tuberculosis patients and controls in relation to sputum bacillary burden. We report the parallel characterization of the macaque and human antibody response to M. tuberculosis infection at the proteome scale. Moreover, by integrating monkey and human global measurements, we find that the antibody response changes quantitatively and qualitatively with M. tuberculosis infection outcome and disease severity in both hosts.
MATERIALS AND METHODS

Experimental Animals
Sera from 14 cynomolgus macaques of Philippine or Chinese origin were used. These macaques exhibit greater immunogenetic diversity than those from other geographic regions, such as the Mauritian cynomolgus [9, 12, 13] . Protocols for infection and clinical and bacteriological assessments were as published [7, 14] . Three criteria of outcome-based grouping were used: (1) active disease: persistent evidence of disease, with ongoing radiographic involvement, persistent culture positivity, or other clinical signs of active disease; (2) latent infection: no radiographic involvement after 4 weeks of infection and no clinical sign of disease for the study period (1-3 years); and (3) reactivation disease: similar to latent disease but developed active disease spontaneously following an initial, disease-free period lasting at least 6 months. In the present work, spontaneous reactivation was caused by transfer between housing facilities.
Human Sera
Sera utilized to probe proteome microarrays were from a retrospective serum bank collected from adults in [2003] [2004] [2005] [2006] [2007] [2008] in the context of a National Institutes of Health-funded, international, multisite study titled "Clinical Suspicion of Tuberculosis" (PI: A. Catanzaro, acatanzaro@ucsd.edu). Recruitment of tuberculosis suspects was based on epidemiologic factors, symptoms, and radiographic findings under uniform protocols approved by institutional ethics committees at each site. Final diagnosis of active tuberculosis was based on positive M. tuberculosis culture. Sputum-smear status of active tuberculosis patients was based on Ziehl-Neelsen staining results. Diagnosis of nontuberculosis disease (NTBD) was based on negative M. tuberculosis culture plus a positive diagnosis for other disease. Seven percent of all study subjects were positive for HIV infection. Here we utilized sera from 397 tuberculosis suspects, 169 of whom were diagnosed with active tuberculosis (tuberculosis patients) and 228 of whom received an alternative diagnosis (NTBD patients). Mean age of tuberculosis and NTBD patients were 49 (±17) and 40 (±17), respectively. The countries of serum collection were Philippines (45%), the United Kingdom (27%), Mexico (20%), and the United States (8%). Previous history of active tuberculosis was reported for 31% of NTBD and 17% of tuberculosis patients. Sera were collected within 1 week of antituberculosis chemotherapy, when applicable.
Proteome Microarrays
Mycobacterium tuberculosis proteome microarrays were manufactured and probed with sera following published protocols [3] . On the arrays, serum reactivity to each protein is detected as intensity of the fluorescence signal. Analytical performance characteristics and reproducibility of the assay have been reported [3] . Limitations of the system, such as lack of posttranslational modifications of proteins expressed in recombinant Escherichia coli, have been discussed [3] . Study protocols were approved by the institutional review board at the University of Medicine and Dentistry of New Jersey.
Assessment of Serum Reactivity
Given the proteome array characteristics (eg, different amount of protein per spot), each protein spot was treated as an independent assay, and Z statistics were used to identify protein spots that reacted with serum, as previously described [3] . Null distributions for the Z statistics were obtained from preinfection sera (n = 14) in the macaque study and from sera from noninfected individuals (defined by negative tuberculin skin test) (n = 14) in the human study. A P value ≤ .01 after correction for multiple testing was used to define a serum as reactive to a protein (reactivity call).
Enrichment Analysis
Fisher exact tests were performed with 2 sets of protein classifications: subcellular localization by LocateP (http://www.cmbi. ru.nl/locatep-db/cgi-bin/locatepdb.py) and functional classification by TubercuList (http://tuberculist.epfl.ch/).
Modeling of Antibody Responses in Macaques
Locally estimated scatterpoint smoothing (LOESS) regression fits a model to a scatter plot by estimating polynomial regression models for each data point using a small proportion of nearby (local) data points [15] . Polynomial regression models of antibody responses over time were estimated up to 650 days postinfection. The time terms included in the models were suggested by the fluctuations of the time trajectory in the LOESS regression. To compensate for the lack of independence among successive antibody measurements over time, we used generalized estimating equations, assuming an autoregressive correlation structure [16] . To reduce the intrinsic correlation between powers of time, these powers were transformed to orthogonal polynomials.
Modeling of Antibody Responses in Tuberculosis Suspects
Two regression modeling approaches were used with the human data. Quantile regression, which models the complete distribution, including median and extremities [17] , was used because serum reactivity is seen at the high tail of the distribution in the microarray platform [3] . Hurdle models include a logistic component modeling the probability of a response and a truncated Poisson component modeling response magnitude [18] .
Analytical Software R (http://www.r-project.org) was used for reactivity call estimation and quantile regression analysis; TMEV (http://www.tm4.org) was used for enrichment analysis; and SAS (http://www.sas.com/) was used for polynomial and hurdle regression models.
RESULTS
Reactivity of Macaque Sera With M. tuberculosis Proteins
To investigate antibody responses during infection, we probed M. tuberculosis proteome microarrays with serial sera collected from experimentally infected macaques with active disease, latent infection, and reactivation disease (4 or 5 animals per infection outcome group). For each animal, we tested serum from 1 preinfection time point and from approximately 10 postinfection time points at 1-month intervals. Using data collected from preinfection sera as the null distribution, we defined 101 proteins as reactive to at least 1 postinfection serum, with a false discovery rate ≤1% (Supplementary Table 1 ). The reactive protein pool defines the immunoproteome. Protein class analysis showed that the immunoproteome was enriched for extracellular proteins and Pro-Glu/ Pro-Pro_Glu (PE/PPE) family proteins [19] (Fisher exact test, P < .01), in agreement with previous observations that these protein classes are frequent immunological targets [20] .
Having established size and composition of the immunoproteome, we next examined serum reactivity per animal. We observed that, even though the animals had been infected under the same protocol, antigen recognition varied considerably from 1 animal to another ( Figure 1A) . Thus, the observed variation in antibody responses is host driven. Results in Figure 1A also indicated that sera from the active and the reactivation groups reacted with more proteins than those from the latent group (22, 10, and 5 proteins on average, respectively) (Supplementary Table 1 ), suggesting that infection outcome was reflected in the antibody response. This association is examined below.
Temporal Changes in Antibody Responses in Relation to Infection Outcome
Two parameters of the antibody response were analyzed: antibody levels and number of reactive proteins. Given the heterogeneity of antigen recognition, we used maximal antibody levels against any 1 of the 101 reactive proteins. Maximal antibody levels were plotted against time after infection and stratified by outcome class, and LOESS curves were fitted to these plots ( Figure 1B ). In the latent infection group, antibody levels were characterized by an early, transient rise followed by a decline to preinfection levels. In contrast, in the active disease class, the early rise was followed by a further increase of antibody levels. A slower increase characterized the response in the reactivation class. Similar changes were observed when antibody responses were expressed as number of reactive proteins ( Figure 1C ).
To determine whether the temporal changes of the antibody response depicted by the LOESS curves were statistically significant, we estimated polynomial regression models. We first analyzed maximal antibody levels. Because the LOESS curves for active disease and reactivation classes included 1 local maximum and 1 local minimum, which correspond to a third-degree polynomial, we modeled antibody responses in these 2 classes by including the terms Time, Time 2 , and -3 × 7.88 × 0.41 > 0), imply an initially increasing antibody response that may transiently weaken (local maximum, followed by local minimum) but then resumes an overall increasing trend. In contrast, the antibody response in the reactivation group showed only a monotonic increase because Time 2 and Time 3 coefficients were nonsignificant. The response in the latent infection class was modeled separately because the LOESS curve showed 2 local maxima, which suggested a quartic time term (Time 4 ). Models estimated for this class showed that overall antibody levels initially increased over time (Table 1 ; Time effect), subsequently fell, rose again, and finally declined. All these fluctuations were statistically significant (Table 1 ; Time 2 , Time 3 , and Time 4 effects). The models estimated for maximal antibody levels also applied to changes in the number of reactive proteins over time ( Table 1 ), suggesting that these 2 properties of the antibody response changed concurrently. Collectively, the results show that changes of the antibody response as a function of time after infection were associated with infection outcome.
Antibody Responses in Active Tuberculosis Patients
Because antibody levels can be sensitive markers of antigen burden [21] , we reasoned that the association between antibody responses and infection outcome in macaques could reflect the effect of bacillary burden on antibody responses. We tested this association in human tuberculosis by probing proteome microarrays with sera collected from patients with active tuberculosis (n = 169) and NTBD (n = 228). We first identified proteins reactive with human sera. By applying Z statistics and a false discovery rate of ≤0.01 (see Methods), we identified 356 proteins reactive to at least 1 tuberculosis-suspect serum (Supplementary Table 2 ). This immunoproteome was rich in extracellular proteins, proteins of cell wall and cell processes, PE/PPE proteins, and proteins involved in lipid metabolism (Fisher exact test, P < .01). Almost 30% of the macaque immunoproteome was contained in the human counterpart ( Supplementary Tables 1 and 2 ). Within the human immunoproteome, reactivity to 10 proteins was significantly associated with active tuberculosis (tuberculosisassociated proteins) ( Table 2 ). Most (8 of 10) tuberculosisassociated proteins identified in the present study were also identified as tuberculosis associated in an earlier, independent multisite study [3] , strongly indicating the existence of universal immunodominant antibody targets.
We next asked how antibody levels correlated with bacillary burden. For this analysis, we stratified tuberculosis suspects into 3 groups of no (NTBD), low (smear-negative tuberculosis), and high (smear-positive tuberculosis) burden. As in previous work with human sera [3] and with the macaque data ( Figure 1A) , antigen recognition varied from 1 patient to another (Figure 2A) . Thus, we used maximal antibody levels to the immunoproteome to summarize antibody response per subject. We observed higher antibody levels in the low-and high-burden classes than in the no-burden class ( Figure 2B ). Differences among groups were even higher when maximal antibody levels to only the 10 tuberculosis-associated proteins were analyzed ( Figure 2C ). We next investigated the statistical significance of the observed differences by quantile regression analysis. We found that the 60th, 70th, and 80th quantiles consistently showed that maximal antibody levels in the smear-positive class were significantly higher than in the NTBD class after controlling for age, country of origin, and past tuberculosis (Table 3) . When only maximal levels of antibody to the tuberculosis-associated proteins were analyzed, significantly higher antibody levels relative to the no-burden class were observed for both low-and high-burden classes (Table 3) . (quartic) as independent variables. The estimated regression coefficients and 95% confidence intervals are shown. Confidence intervals that exclude the value zero indicate a statistically significant regression coefficient (P < .05; shown in bold). Models that include a positive, statistically significant linear coefficient define a curve that is increasing over time; the other coefficients (quadratic, cubic and quartic terms) represent undulations in the curve. If these latter coefficients are not statistically significant then the departures from a straight-line model (ie, the undulations) are due to chance (ie, random error), implying that the observed data is consonant with a strictly increasing linear function of time. Transformation of powers of Time to orthogonal polynomials, which was tested to reduce the intrinsic correlation between powers of Time, estimated models extremely similar to those based on untransformed powers of Time (not shown).
Abbreviation: NA, not applicable (not estimated). a Maximal antibody levels, the highest normalized signal intensity obtained with any of the 101 reactive proteins.
b Log transformed.
The proteome-wide platform also gave the opportunity to assess the number of reactive proteins as another parameter of the antibody response, as tested in macaques. We used hurdle regression to model the probability to react to at least 1 protein and the number of antigenic targets in reactive sera in relation to sputum bacillary burden. When we analyzed reactivity to the immunoproteome, we found that the odds of a response to at least 1 protein were 3-fold (95% confidence interval [CI], 1.79-4.81) higher in subjects with smear-positive tuberculosis than in those with NTBD, whereas no difference was seen between smear-negative tuberculosis and NTBD (data not shown). Moreover, the mean number of protein targets in seroreactive tuberculosis patients, regardless of smear status, was only 1.5-fold (95% CI, 1.32-1.87) higher than that in NTBD subjects. In contrast, when we analyzed reactivity to the tuberculosis-associated proteins, the odds of a response were 12-fold (95% CI, 6.07-22.21) higher in smearpositive tuberculosis than in NTBD subjects and 3-fold (95% CI, 1.23-6.95) higher in smear-negative tuberculosis than in NTBD subjects. In addition, among the seroreactive subjects, the mean number of reactive proteins was more than twice as high (95% CI, 1.02-4.07]) in smear-positive tuberculosis patients than in NTBD cases. The comparison between smear-negative tuberculosis and NTBD was not statistically significant (data not shown). Thus, immunoproteome reactivity was only sufficiently sensitive to model the differences between tuberculosis and NTBD, whereas reactivity to the tuberculosis-associated proteins was sensitive enough to model differences between all 3 groups (smear-positive tuberculosis, smear-negative tuberculosis, and NTBD). Together, the analyses of the human sera indicate that antibody levels and number of reactive proteins increase with bacillary burden and both parameters of the response vary in concert, as seen in macaques.
DISCUSSION
Given the heterogeneous antibody profiles seen in humans and now also in macaques, tracking antibody responses to individual M. tuberculosis antigens fails to provide a full understanding of the antibody response to M. tuberculosis infection. The correlation between levels of particular antigens and the corresponding specific antibodies likely varies with the antigen considered because antigens may differ in relative immunogenicity and antibodies in relative affinity. Moreover, relative antigen abundance during infection may vary with bacterial growth phase (reviewed in [22] ). Although less sensitive than conventional assays such as enzyme-linked immunosorbent assay, our high-throughput platform uniquely allows proteome-scale studies of the antibody response. In the present study, these global measurements revealed novel dynamic characteristics of the antibody response in relation to infection outcome and bacillary burden.
Proteome-scale antibody profiling in infected macaques revealed correlations between antibody response and infection outcome. A transient increase of the antibody response ( peaking at around 3 months) was seen both in the latent infection and active disease groups. The early surge is prominent in the latent infection group because antibodies return to quasi-basal levels. In the active disease group, in contrast, a second, stronger, and more stable increase interrupts the descending curve of the early, transient response. That transient, early antibody responses may also be seen in human infection All proteins were previously identified as B-cell or T-cell antigens.
Abbreviation: CI, confidence interval. a Odds ratios were calculated from reactivity calls.
b Annotations were adapted from the Sanger Institute database (http://www.sanger.ac.uk/Projects/M_tuberculosis/Gene_list/).
c They have been already identified as active tuberculosis associated in our previous proteome-scale serological screening [3] .
is supported by the observation that contacts of index tuberculosis cases were found to have serum antibodies to particular M. tuberculosis antigens [23] , whereas stable latent M. tuberculosis infection in humans is most often seronegative (reviewed in [22] ). Furthermore, we find it puzzling that the early peak seen in the active disease and latent groups was absent in the reactivation group, even though the latter group was clinically indistinguishable from the latent group at the time of the transient antibody increase. An intriguing possibility is that stressinduced reactivation occurred in animals that were unable to mount humoral immune responses early after infection. Integration of macaque and human studies strongly supports correlations between antibody responses and bacillary burden. A vast body of human studies indicates that antibody responses relate to bacterial load because sensitivity of serodiagnostic assays is greater for smear-positive than for smear-negative active tuberculosis (eg, [2, 24, 25] ). Our proteome-scale analysis revealed a new aspect of this correlation because reactivity to the immunoproteome was less sensitive to bacillary burden than that to the smaller pool of tuberculosisassociated proteins. Indeed, only reactivity to the tuberculosisassociated proteins differed between high-and low-burden tuberculosis and between either form of tuberculosis and NTBD, indicating that specific protein subsets become preferred targets of the antibody response as disease develops. Moreover, the correlation between antibody responses and bacillary burden in human tuberculosis should help further characterize the course of infection in macaques. That is, the antibody profiles seen in latently infected animals might reflect initial bacillary multiplication, which is subsequently controlled. In contrast, Figure 2 . Antibody levels in tuberculosis suspects. The Mycobacterium tuberculosis proteome arrays were probed with sera from 169 active tuberculosis and 228 nontuberculosis disease (NTBD) patients. Reactive proteins (n = 356) were identified by Z statistics, and proteins associated with active tuberculosis (n = 10) were identified by odds ratio calculation. A, Heat map of reactivity (Z scores) to 10 tuberculosis-associated proteins (rows) is shown for reactive sera from tuberculosis patients (columns); the red color indicates Z score = 3 and the black color indicates Z score = 0. B, Distribution of maximal antibody levels to any of the 356 reactive proteins by diagnostic class. The box plots show the median of the distribution (horizontal line in the box), the interquartile range (box), the range excluding outliers (whiskers), and the outliers (circles). C, Distribution of maximal antibody levels to any of the 10 tuberculosis-associated proteins by diagnostic class. Data are presented as box plots, as in B.
failure of immune control of infection might lead to bacillary multiplication and increased antibody responses in the active disease and reactivation groups. Indeed, that the antibody increase in the reactivation group is clearly delayed relative to the active disease group strongly supports our interpretation of the data. The proposed link among disease activation, bacillary multiplication, and increased antibody responses agrees with reports of increased antibody responses in HIV-positive human subjects progressing to active tuberculosis [4, 26] .
The above discussion shows that, even though the antigens targeted by the antibody response may differ between macaques and humans ( presumably due to interspecies immunogenetic differences), data obtained in the 2 hosts can be integrated to generate a single, coherent picture of the dynamic properties of the response over time in relation to infection outcome and bacillary burden. Importantly, integration of the macaque and human data leads to at least 3 actionable findings for use in translational research. First, acute infection may be associated with an antibody surge, which is likely transient, suggesting the possibility of diagnosing early infection among contacts of active tuberculosis cases. The lack of this early humoral response-when accompanied by independent proof of infection (eg, by tests assessing cell-mediated responses [27] )-may imply greater susceptibility to stress and predict greater reactivation risk. Together, the above considerations support the notion that latent infection comprises a variety of conditions characterized by diverse microbiological, immunopathological, and outcome features [28] . Second, increased antibody responses in latently infected individuals should be a strong indicator of preclinical tuberculosis. Third, proteome-scale work can help identify proteins that have serodiagnostic potential for the entire spectrum of bacillary burden. A caveat is that cases at the high end of this spectrum would be diagnosed more accurately than those at the low end of the spectrum because the regression coefficients in Table 3 are lower and the hurdle models are less sensitive for smearnegative tuberculosis than for smear positive tuberculosis. In conclusion, greater understanding of the antibody response to M. tuberculosis infection afforded by the global measurements reported here supports current efforts of antibody biomarker discovery and reveals new potential applications.
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Supplementary materials are available at the Journal of Infectious Diseases online (http://jid.oxfordjournals.org/). Supplementary materials consist of data provided by the author that are published to benefit the reader. The posted materials are not copyedited. The contents of all supplementary data are the sole responsibility of the authors. Questions or messages regarding errors should be addressed to the author. Quantile regression was performed with maximum antibody levels to any reactive protein or tuberculosis-associated protein as dependent variable and burden class as independent variable. Regression coefficients (and 95% confidence intervals in parentheses) were calculated for the 60th, 70th and 80 th quantiles after adjusting for age, country of serum sampling, and history of past tuberculosis. Bacillary burden: none, nontuberculosis disease; low, sputum smear-negative tuberculosis; high, sputum smear-positive tuberculosis. The coefficients indicate antibody levels in either burden class compared with the no-burden class (reference). Differences between burden classes are significant (shown in bold) when the confidence intervals of coefficients do not include zero and when confidence intervals of 2 burden classes do not overlap.
Notes
